CHAPTER 1. INTRODUCTION
CMOS technology is attractive for its cheaper costs and well-established fabrication processes for a broad range of electronic applications. Therefore, fully CMOS-compatible biosensor devices are an attractive candidate for non-invasive biological experiments. By designing sensor devices that are compatible with standard fabrication processes without violating the sensitivity and stability requirements, CMOS-based biosensors will play an important role in biological detection and monitoring.
Objective
The goal of this work is to design a charge-modulated sensing device that can be fabricated in standard CMOS foundry and allows large scale integration as required in VLSI applications. Individual devices were to be designed on silicon chips for highly sensitive and repeatable charge sensing applications such as DNA hybridization or protein detection. VLSI components were also expected to be added on chip for fast addressing and readout of a large array of these devices.
Sensor technology and device
Based on previous CMOS-compatible sensor designs and with the inspiration of flash memory technique, a new sensor device is designed for improved scalability, fast readout and better reliability in a fully CMOS-compatible fabrication technology. The device consists of an Umbrella-shaped Gate Field-Effect Transistor, which has significantly improved architecture compared to previous devices and requires no extra post layout processes.
Application
The designed UGFET devices adopt the merits of previous CMOS-compatible device (e.g. good sensitivity and stability), but shows better applicability as small-scale charge sensor in detecting biological processes. Various techniques were used to test the feasibility of applying UGFET devices for charge sensing, and a consistent test results convinced the further applicability in detecting charged molecules such as proteins and DNA strands. Array implemented sensor devices can be used to detect the charge fluctuation on a 2-D surface, thereby enabling a high density of these devices into arrays for real time monitoring and recording of cellular and other biological activities. 
CHAPTER 2. PREVIOUS RESEARCH

Ion-Selective Field-Effect Transistor (ISFET)
A classic example of a biochemical sensor is the Ion Selective Field-Effective Transistor (ISFET) which was firstly realized in 1970. However, beyond the motivation of the ISFET technology, there were concerns with the electrical double layers created as the liquid-solid interface. For instance, measuring the action potentials caused by neural activity in experiments was always bothered by electrical and "biological" noise, and therefore much effort was made to detect local ion activities not affected by other double layers. Once the solid surface is immersed in the aqueous solution, charged molecules will be deposited at the solution-oxide or solution-nitride interface, as long as the silicon dioxide/nitride is at oxide-silicon junction, and forms a conducting channel in silicon in response to the molecular activity at the surface. This modifies the electronic drain current of the the ISFET device as shown in Figure 1 (Bergveld 1970) . ISFET device with this sort of unique detection mechanism has inspired numerous chemical and biological sensing applications over several decades. 
Charge-Modulated Field Effect Transistor (CMFET)
To meet the goal of low cost and easy fabrication, CMOS-compatible sensor devices were recently proposed, and were called CvMOS and CMFET (Shen et CvMOS and CMFET devices are attractive for their simple structure, relatively easy bioprocess detection, and highly feasible array implementation. However, as presented in their published work, these devices are typically large in area (> 100 2 m µ ) and thus can't meet the needs of probing small scale biological species. Further more, the fabrication of CvMOS and CMFET devices require special post fabrication processes than can be complicated. Hence, new scalable and robust device designs for biosensing applications need to be explored. version of CMFET/CvMOS, with improved scaled down sizes for large array implementation and simplistic readout circuitry. The quiescent working point of our devices can be adjusted to avoid hot electrons injection, eliminating noise of the sensor. Also, in our design, the channel current can be directly read out instead of using numerous switches, amplifier and readout drive circuitry. The details of our proposed device and its workability will be discussed in the following chapters.
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Device model
The previous biosensor device model, CvMOS, was built as extended floating gate transistor whose input gates were capacitively coupled to the floating gate. Each input gate induces a voltage on the floating gate with weights determined by the ratio of the input gate capacitance to the total capacitance. The floating gate voltage is given by:
here Vj is the input voltage at jth input gate, T C is the total capacitance, Q is the total static charge stored on floating gate, Cj is the capacitance of jth input gate (Shen et al. 2003) .
After the published work on CvMOS, a different device architecture called the Charge-Modulated FET (CMFET) and shown in Figure 2 was reported in 2006. This device had only one control gate and one sensing gate that was capacitively coupled to the extended floating gate. Similar to CvMOS, the floating gate voltage is given by :
where CF C represents capacitance between control gate and floating gate, T C is the total capacitance of the device. Based on above two devices, we built our new biosensor device called Umbrellashaped Gate FET (UGFET) and shown in Figure 7 . Here, the sensing gate covers the entire device to maximize the sensing area and minimize the device size. To be compatible with standard CMOS fabrication process, the UGFET control gate is built using the first poly gate, which is underneath the floating gate made of second poly layer. The induced floating gate voltage therefore can be written in similar way:
In the above equation, the total capacitance includes three capacitances, CF C , SF C , and BF C . Our strategy of testing the UGFET devices is based on utilizing the fact that the I-V curves shift relative to a reference I-V curve. In our experiments, we used the I-V curve obtained with DI water exposed on the sensing area as the reference. We expect that during our charge sensing experiments, the I-V curves shift when exposed to biochemical solutions with reference to the DI water curves. Specifically, once biochemical solutions are dropped onto sensing area, the surface potential will be modified by the deposition of charged 
Results
Testing preparation
The performance of any sensor device is judged based on its sensitivity, stability, and reproducibility. After the UGFET device chips were fabricated, the drain current versus control voltage and drain current versus drain voltage curves were recorded. Measurements were repeated several times on UGFEET devices of different sizes. A high consistency among all the measured curves was observed.
The fabricated devices were initially tested under dry conditions, during which the drain current versus control gate voltage at fixed drain voltage and drain current versus drain voltage at fixed control voltage were measured ( Figure 11 and Figure 12 ). Judging from the characteristics of the plots, it is clear that the fabricated UGFET devices work well as extended floating-gate field-effect transistors. The device is very sensitive to the voltage given to the control gate, and is consistant with the simulation results shown earlier. 
Threshold voltage technique
Measurements of the threshold voltage from the I-V curves is a well established method to determine the charges or carrier fluctuations over transistor. The relationship between drain current and control gate voltage for a transistor is given by:
where DS I is the current from drain to source, GS V is the gate to source voltage, λ is the channel modulation parameter, and DS V is the drain to source voltage. Plotting the derivative of DS I versus GS V and drawing a tangent at its curve from its peak value gives us threshold voltage. In our experiments, I-V curves were measured with biochemical solutions and compared with DI water.
The testing is started with DI water been dropped onto the chip carefully with a pipet.
Each drop was about 1.2 µL with the help of accurately adjustable pipet. The DI water drop is centered on the chip to avoid contacting with any bonding wires and pads. This is needed to protect the wire connections and minimize the effects on sensing area potential. A group of I-V curves are measured for different DI water drops on the same chip. Here DI water was dropped onto chip, cleaned away after each measurement, and then another drop of DI water solutions. As the results indicate, I-V curves keep shifting to right as the DI water rinsing goes on, but the shifting becomes more and more insignificant, and finally after 5 to 6 rounds of rinse, the shift is insignificant and negligible ( Figure 13) . This is the protocol we developed and followed, to achieve an unbiased reference point to compare with any new test results.
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Drain Current (A) Figure 13 . I-V measurements with DI water.
After the rinse with DI water, biochemical solutions are dropped onto the chip, covering the entire sensing area. This step needs to be more carefully done than dropping DI water because the biochemical solution is conductive, and contamination with bonding wires could eventually burn the wires. To be successful in this step, each time about 0.8 µL is slowly injected through the pipet onto center of the chip. Measurements are taken for a discrete period of time after the solution is dropped onto the chip. From our observation, all experimental curves almost overlap each other, with little inherent noise. To further convince the reproducibility, test solutions are dropped onto chip surface, measurements are taken, and then the chip is rinsed with DI water several times to make sure I-V curve shift back to the reference curve. After the chip surface was dried, another drop of solution was then dropped onto chip, and measurements are taken again. The same steps are repeated numerous times and our results show consistent I-V curves for the same solution.
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Drain current (A) Figure 14 . Drain current versus control gate voltage curves and their transconductance curves for poly-L-Lysine and DI water reference.
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Future work
The designed UGFET sensor array chip can be used to detect biological specimens 
